arrangements shows that in addition to the geometric constraints the electronic structure plays a considerable role for the height of the oxygen migration barrier in these materials.
up to δ=0.8 without formation of ordered oxygen vacancy superstructures. 5 Interestingly, the ionic conductivity of BSCF (calculated from D* 7 ) is larger by a factor of four than that of the best perovskite-structure electrolyte La 0. 8 Recently, several first principles studies on oxygen vacancy migration barriers were reported, [13] [14] [15] [16] mostly for the particular Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-δ composition In this paper, we continue our detailed DFT studies [17] [18] [19] in order to understand atomistically the relation between the low oxygen vacancy formation and migration energies observed in the bulk of Ba 1-x Sr x Co 1-y Fe y O 3-δ perovskites and their chemical composition (e.g. Co/Fe ratio).
Computational details
In our calculations standard first principles density functional theory (DFT) was used, as implemented in the VASP 4.6 computer code 20 within the projector-augmented wave (PAW) approach with the exchange-correlation PBE (GGA-type) functional. 21 The kinetic energy cut-off for the plane wave basis set was 520 eV. For O, we used soft PAW pseudopotentials, which give a very good binding energy and a reasonable bond length for a free O 2 molecule (5.24 eV and 1.29 Å, cf. the experimental values of 5.12 eV and 1.21 Å, respectively). The 8×8×8 k-point mesh was created by the Monkhorst-Pack scheme 22 for the ABO 3 unit cell.
Ionic charges were calculated by the Bader method. 23 Oxygen vacancies were simulated using the supercells through expanding the ABO 3 primitive unit cell by 2×2×2 (40 atoms). For more details see refs. 17, 18 .
For simplicity, hereafter we use the following abbreviations: BSC = Ba 0. 5 for BSF and 3.84 Å for SCF. In a previous study 17 we calculated the lattice constant expansion as a function of nonstoichiometry, the obtained coefficient of chemical expansion turns out to be in good agreement with experiment. 24 However, this does not significantly affect the vacancy formation energy (ca. 0.05 eV), thus all data in this paper refer to the lattice constant for the defect-free material.
We observe a pronounced covalency of the B-O chemical bonding 18 with an O ion charge of - In the analysis of Ba 1-x Sr x Co 1-y Fe y O 3-δ perovskites we alos include BSC and BSF with a cubic structure which are the end members of this solid solution series, although it is known experimentally that they have a hexagonal structure. 30 This can be justified by the fact that BaFeO 3-δ can be stabilized in the cubic phase with a small (5%) Ce doping on the Fe site. 31 Cubic BSC can be prepared by quenching from 1473 K (it slowly decomposes into other phases above 800 K 32 ). Nevertheless, the good agreement of BSCF and BSC results shown in Table 1 for oxygen migration barriers indicates that modelling of BSC using a cubic supercell (but still allowing for local distortions within the 40-atom supercell) does not lead to artifacts.
The composition Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-δ lies at the borderline of the cubic perovskite stability region, which shows up in a slow decomposition leading to the formation of an additional hexagonal perovskite observed in the temperature range of 800-1000°C. [33] [34] [35] This structural instability is also confirmed by recent DFT calculations. 18 ).
The vacancy formation is more endothermic (by 0.3 eV) for SCF, as compared to BSCF with the same iron content, in agreement with the smaller oxygen deficiency measured for SCF (in the range where it has a cubic perovskite structure 37 ). Obviously, the barium content ( Fig. 1) affects the redox energetics. This can be related to the lattice expansion by large Ba ions (a = 3.84 Å for SCF, 3.90 Å for BSCF) which leads to an increased size mismatch for cobalt.
Because a change to a lower formal oxidation state increases the ionic radius (4+ to 3+ by 0.08 Å, 3+ to 2+ by ≈ 0.1 Å, see ref. 48 ) the lattice expansion caused by Ba incorporation then favors the formation of lower Co oxidation states. Indeed the highest oxygen deficiency is observed experimentally 38, 39 for Co-rich materials in the presence of a significant Ba content. 41 ). Despite the fact that an extrapolation to δ = 1/8 (used in our calculations) has quite a high numerical uncertainty, the qualitative trend of a less endothermic vacancy formation for the Co-rich materials is supported by the experimental data (larger oxygen deficiency for BSCF than for BSF).
arb. units Also, due to the strong covalency both the t 2g and e g states of Fe and Co cover a broad energy range (more pronounced for e g being more involved in the chemical bonding Fig. 3 which is supposed to be more precise than the one suggested in ref. 25 based on semiquantitative arguments. 
B. Oxygen vacancy migration
which contain only sums of oxygen and cation radii. 50 Nevertheless the "Shannon crystal radii" give a qualitatively more correct picture of the perovskite structure. With the oxide ion being of comparable size as Sr 2+ and Ba 2+ (using the "ionic radii"), the perovskite structure would resemble a cubic closest packing of O 2-and Sr 2+ , Ba 2+ not allowing for some tilting of the Co*O 5 and Fe*O 5 polyhedra which can occur in the transition state (depending on the actual environment of the migrating oxygen, cf. Fig. 5a ,c versus Fig. 5b ).
Ba*Ba*Co* Ba*Sr*Co* Sr*Sr*Co* Let us now discuss in more detail which quantities determine the oxygen migration barrier in indicate that the nature of the "anchoring" transition metal for a given overall cation composition is also of minor importance. Note that comparable energies (0.6 eV (Co*) and 0.4 eV (Fe*)) but in opposite order were obtained in ref. 16 , probably due to constraints in the structure optimization procedure. Fig. 4 , cases indicated by "BaSr" in Table 1 ). While this tilting helps to increase the distance of O* to the bigger one of the A* cations, the similar barriers for "BaSr" and "SrSr" in BSC (0.40 eV vs. 0.43 eV) suggests that such a tilting is not a necessary prerequisite for a low barrier. For BSF the barrier for the "SrSr" TS (untilted) is even lower than for "BaSr" with a slight tilt.
* The comparison of the low "BaSr" and "SrSr" barriers with the high value for "BaBa" in Table 1) .
Summarizing this discussion, the vacancy migration barriers are plotted in Fig. 7 as a function of a geometric factor (deviation of Sr*-O* and Ba*-O* distances from the respective values for "BaSr" in BSC, which is taken as the reference point), and as a function of a factor related to the electronic structure (vacancy formation energy E V ). The important role of the geometric factor is seen most clearly in the series of "SrSr", "BaSr", and "BaBa" configurations for BSC and BSF. The effect of the "electronic factor" can best be recognized for "BaSr" jumps in the series from BSC to BSF where the geometrical criterion hardly varies. The vacancy formation energy E V increases linearly with Fe content (Fig. 1) x Sr x Co 1-y Fe y O 3-δ materials family the search for a good ionic conductor also means to test the stability borderline of the cubic perovskite structure (to some degree the cubic perovskite can be stabilized by slight B-site doping with high valence metals such as Zr 54 ).
The important influence of electron transfer energetics on the migration barrier in the Ba 1-
x Sr x Co 1-y Fe y O 3-δ perovskites also suggests that at least for these materials pair potential approaches are expected to encounter difficulties. While the different susceptibility of the B cation for electron transfer (depending not only on its formal oxidation state but also on factors such as the size mismatch in the respective unit cell, cf. BSCF vs. SCF) can probably be mapped into the potential parameters for each material individually, the transferability of the potentials will be lost. Indeed, pair potential MD simulations 55 4 and the DFT barriers obtained here are also higher for BSF than for BSC (unfortunately, no activation energies were obtained in ref. 55 ).
Finally, let us briefly comment on the connection between migration barriers and the actual ionic diffusivity. In particular in cases where different local configurations around the migrating ion lead to a distribution of barriers, the overall ionic conductivity cannot directly be extracted from the barriers. While naturally jumps over the lower barriers are preferred, ultimately a percolating migration path is required that is not necessarily provided by the lowest individual barriers alone. The computational demand for ab-initio molecular dynamics is still exceedingly high for such complex oxides. A suitable method to overcome this would be a combination of ab initio barriers with Kinetic Monte Carlo simulations (e.g. ref. 56 ). 
Conclusions

